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SUMMARY 

An ana ly t ic  method is  developed fo r   e s t ima t ing   t he   e r ro r s   i n   t he   dens i ty  
and  pressure  structure of a planetary  atmosphere  constructed  from measurements 
of accelerations  experienced  by  an  entry body. Among the  sources of e r r o r  
considered  both  singly  and  coilectively  are  the  measuring  accuracy of t h e  
accelerometers,   the  uncertainties  in  entry  speed,  entry  angle,  and aerodynamic 
coefficients,   the  frequency of data measurements,  and the  uncertainty of the  
a t t i t u d e  of entry  bodies   having  nonzero  l i f t - to-drag  ra t ios .  

Results of sample ca lcu la t ions   a re   p resented   to  show the  accuracy w i t h  
which the  extremes of a range of postulated model atmospheres f o r  Mars can  be 
defined  from measurements of accelerations  experienced by a spherical ly  shaped 
en t ry  body. It i s  found that i f  the  accelerometer method were  used  only  over 
t ha t  portion of t h e  atmosphere t raversed a t  speeds  greater  than  sonic  speed, 
then any of t h e  atmospheres  postulated  for Mars can  be  defined  reasonably  well 
even when e r r o r s  from a l l  sources  are combined i n   t h e  most unfavorable manner. 
Some of the   resu l t s   ob ta ined  by the   ana ly t i c  method a r e  compared w i t h  those 
from more precise  numerical  calculations and the agreement i s  found t o  be 
excel lent .  

INTRODUCTION 

Properties of planetary  atmospheres  can  be  determined  from  observations 
on board an entry  vehicle  passing  through  the  atmosphere.  Experiments  involv- 
ing a number  of forms of observations,  such as acce lera t ion ,   spec t ra l  distri- 
bution and i n t e n s i t y  of shock-layer  radiation,  oscil lation  frequency,  etc. ,  
were  proposed in   re fe rence  1 and the  proposals were  developed i n  more d e t a i l  
i n   r e f e rence  2. Considerable  attention  has  been  focused on one of these  
experiments i n  which  knowledge of the  acceleration  experienced by a body,  hav- 
ing known aerodynamic charac te r i s t ics  and entering  an  atmosphere on a b a l l i s -  
t i c   t r a j e c t o r y ,  i s  used to   cons t ruc t   t he   dens i ty  and pressure  s t ructure  of t h e  
atmosphere. A detailed  procedure  for  obtaining atmosphere structure  from 
measurements made with  on-board  accelerometers w a s  given in   r e f e rence  3; it 
w a s  a l s o  shown that from the  standpoint of f l i g h t  mechanics, t h e   i d e a l   e n t r y  
body for the  atmosphere-structure  experiment i s  an  aerodynamically  stabilized 
sphere. 



A number  of  sources  of  error in atmosphere  definition  are  associated  with 
the  proposed  method.  Among  these  are  the  measuring  accuracy  of  the  acceler- 
ometers,  the  uncertainties  in  entry  speed,  entry  angle,  and  aerodynamic  coef- 
ficients,  the  frequency  of  data  measurements,  and  the  uncertainty  in  knowledge 
of  the  attitude  of  lifting  entry  bodies.  Reference 2 gives an analytic  method 
for predicting  the  possible  inaccuracies in the  definition  of  postulated Mars’ 
atmospheres  due to just  one  of  these  sources,  errors in measured  accelerations. 
The  method  of  reference 2 is  limited,  however,  since  it  only  allows  for  errors 
originating  with  the  accelerometers  and  since  assumptions  of  small  errors  and 
constant  drag  coefficients  are  inherent  in  the  method.  The  effects  of  errors 
from  this  same  source on the  definition of the  same  postulated Mars atmos- 
pheres  were  estimated  by  a  more  precise  numerical  method in  reference 3. 
Subsequent to these  studies,  general  methods  have  been  devised  for  assessing 
the  effects  of  errors from  the  probable  sources  regardless  of  their  magnitudes. 
These  are  presented  herein  and  their  use  is  demonstrated by some  examples 
pertinent  to  the  problem  of  determining  the  atmosphere  of Mars. 

NOTATION 

reference  area  for  aerodynamic  coefficients 

resultant  acceleration  due to aerodynamic  loads 

component  of  resultant  acceleration  due to aerodynamic  loads  directed 
along  the  flight  path 

coefficient of aerodynamic  drag,  drag/( 1/2) pV2A 

coefficient  of  aerodynamic  drag  evaluated  at  body  attitude  correspond- 
ing to zero  lift 

coefficient  of  aerodynamic  lift,  lift/( 1/2) pVzA 

coefficient  of  resultant  aerodynamic  force, J C D ~  + C L ~  

local  acceleration  due to gravity 

acceleration  due to gravity  evaluated  at  surface  of  planet 

local  atmosphere  density  scale  height,  defined  by  equation (4) 

altitude  above  planet  surface 

mass of  entry  body 

ambient  pressure in atmosphere 

Reynolds  nwnber 

distance  from  center  of  planet to mass center  of  entry  body 



t time 

v f l i g h t  speed 

A( ) difference between quantity  evaluated  from measured data  a t  a given 
ins tan t  of time and exact  value of quantity  evaluated a t  the  same 
i n s t a n t ,  ('")-( ) 

I- 

f l igh t -pa th   angle  measured  from loca l   hor izonta l ,   pos i t ive  down 

ambient  density i n  atmosphere 

resu l tan t   angle  of a t tack  of en t ry  body 

dummy variable  of in tegra t ion  

tan-1 CL/CD 

quantity  evaluated  from measured data  

Subscripts 

E quantity  evaluated a t  entry 

F quantity  evaluated a t  time  corresponding t o   t h e   f i n a l   u s a b l e  measure- 
ment  of accelerat ion 

max maximum value of funct ion  occurr ing  in  a specif ied  entry 

min minimum value of function 

Sources of e r ro r   i n   cons t ruc t ing  a planetary  atmosphere  from a time 
h i s t o r y  of acceleration  experienced  by  an  entry body a r e   i d e n t i f i e d  and 
methods for   assess ing   the i r   in f luence  on the   des i r ed   r e su l t s   a r e  developed 
i n  t h i s  section.  Specifically,   equations  are  developed  for  calculating  the 
density,  pressure, and dens i ty   sca le   he ight   var ia t ions   wi th   a l t i tude .  The 
equat ions  are   cast   in  forms tha t  c l e a r l y  show the  roles   played by the  various 
fac tors   in   degrading   prec is ion  of t h e   r e s u l t s .  

The problem  can  be  approached i n  a number  of ways. For example, an 
e r ro r   i n   t he   ca l cu la t ed   dens i ty   va r i a t ion   w i th   a l t i t ude  can  be in te rpre ted  
as being due e n t i r e l y   t o   e r r o r s   i n   d e n s i t y  at g iven   a l t i tudes ,  or e n t i r e l y   t o  
e r r o r s   i n   a l t i t u d e  a t  given  densit ies.  On the  other  hand, it might  be i n t e r -  
preted as t h e   r e s u l t  of e r r o r s   i n   d e n s i t y  a t  given  times i n   t h e   t r a j e c t o r y  
p l u s   e r r o r s   i n   a l t i t u d e  a t  those  times. The l a t t e r   i n t e r p r e t a t i o n  w i l l  be 
adopted  here  because it enables  the prominent factors   governing  the problem t o  
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be   c lear ly   ident i f ied .  It a l s o   a l l o w s   f o r   t h e   p o s s i b i l i t y  of small e r r o r s   i n  
densi ty  and  pressure at a given  t ime,  but  yet   for  large errors i n   t h e s e  quan- 
t i t i e s  a t  a given  alt i tude  caused by a poor  determination of a l t i tude .  It 
w i l l  be  found that   the   equat ions for density,   pressure,   and  alt i tude a l l  have 
time as a cormnon variable.  The assumption is  made tha t   t ime is known exact ly  
a t  t h e   i n s t a n t s  when accelerat ion i s  measured. The approach w i l l  be first t o  
show how e r r o r s   i n   d e n s i t y  and pressure a t  a given  instant  of t ime  a re   re la ted  
t o   e r r o r s   i n  knowledge of t h e   t r a j e c t o r y  a t  t h a t  same time. Then equations 
w i l l  be der ived   for   the   e r rors   in   t ra jec tory   var iab les   in   t e rms  of time. 

Equat ions  for   Errors   in  Atmosphere P rope r t i e s   i n  Terms of Errors i n  
Trajectory  Variables 

An equat ion   for   the   dens i ty  p i n  terms of the   d rag   coef f ic ien t  CD and 
the  component a long   the   t ra jec tory  of resul tant   accelerat ion due t o  aerody- 
namic loads  can be wri t ten  as-fol lows:  

Accelerometers  located a t  the  mass center of an  entry body can  be a l i n e d   t o  
measure  components of acceleration  along  three  mutually  perpendicular  axes. 
The vector sum of these components is the   resu l tan t   acce le ra t ion  due to   ae ro -  
dynamic loads.  Except when the  l i f t  of the   en t ry  body i s  zero,   the magnitude 
and d i rec t ion  of t h i s   r e su l t an t   vec to r   a r e   d i f f e ren t   f romthe  component of 
acce lera t ion   a long   the   f l igh t   pa th .   This  i s  i l l u s t r a t e d   i n   t h e   s k e t c h   i n  
which the  longi tudinal   axis  of t h e  body i s  i d e n t i f i e d  by the  symbol x. The 

magnitude of the   acce le ra t ion  component 
a long   the   f l igh t   pa th  i s  given  in  terms 7 6 of the   resu l tan t   acce le ra t ion  by t h e  

- 
following  equation 

as = aR cos cp 

where 

This   resu l t  and equation (1) a r e  combined to   g ive   the   fo l lowing   express ion   for  
the  densi ty   in   terms of the   resu l tan t   acce le ra t ion  a R  

p=2($)  v2 
aR cos cp 

To obtain  the ambient  pressure,  the  weight of a v e r t i c a l  column of atmosphere 
i s  integrated  over   the  t ra jectory:  

p = i t g p V   s i n  8 d-r 
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where it has  been assumed t h a t   t h e   a l t i t u d e  a t  time  zero i s  high enough t h a t  
the  pressure a t  t h i s   i n s t a n t  i s  zero. The local   densi ty   scale   height  i s  
defined as 

Quantities  obtained  from measured data,  and the re fo re   sub jec t   t o   e r ro r ,  
w i l l  be  denoted by a t i l d a  over  the symbol while  those  without a t i lda  w i l l  
denote  exact  values.   Equations  for  the  ratios of measured values t o  exact 
values  are formed by means of equations (2 )  , ( 3 ) ,  and (4 )  and are  given below. 

> 

A be t te r   form  for   these   equat ions  i s  obtained if  a symbol i s  def ined   for   the  
difference between  values  deduced  from  measurements  and  exact  values.  Let 

With th i s   def in i t ion ,   equa t ions  (3) take  the  following  form 

Equations (6 )  r e l a t e   t he   va lues  of density,  pressure, and scale  height deduced 
from  measurements to   e r rors   in   acce le ra t ion ,   speed ,   pa th   angle ,   g rav i ty ,  l i f t -  
to-drag   ra t io ,  and coeff ic ient  of resul tant   force.  The problem of determining 
the   e r rors   in   t ra jec tory   var iab les ,   speed ,   pa th   angle ,  and a l t i t u d e  from t h e  
measured resul tant   accelerat ions w i l l  be  considered  next. 
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Equations  for Errors in   Trajectory  Variables  

The t r a j e c t o r y  i s  governed  by the   fo l lowing   se t  of equat ions  ( ref .  3 ) .  

- = -V s i n  8 dh 
d t  

1 

These equations  writ ten  in  terms of the   resu l tan t   acce le ra t ion ,  aR, with  the 
a i d  of equation ( 2 )  a r e  

dV 
d t  
- + aR cos cp - g s i n  8 = 0 

" 

d t  
dh - -V s i n  e 

The s e t  of trajectory  equations  can be s implif ied if  the  f l ight-path  angle  i s  
assumed t o  remain  constant a t  the   en t ry   angle ,   tha t  i s ,  8 BE. The e r r o r  
resu l t ing  from t h i s  assumption  diminishes  with  increasing  entry  angle and 
becomes zero   for  a 90' entry.  It has  been shown in   re fe rences  1, 2, and 3 
t h a t  s t e c p  e n t r i e s  (50' t o  90') a re   p re fe r r ed   fo r   t h i s  experiment s o  t h a t  
assuming a constant  path  angle i s  not   se r ious ly   res t r ic t ive ,  as v e r i f i e d  by 
r e s u l t s  of numerical   calculations  presented  later.  It i s  f u r t h e r  assumed t h a t  
the   acce le ra t ion  due t o   g r a v i t y  i s  constant a t  the  planet  surface  value.  With 
these  approximations,   the  equations  for  the  trajectory deduced  from  measure- 
ments  can  be wri t ten as follows: 

dK - = -V s i n  BE 
d t  

- Y 

A similar p a i r  of equations  can be w r i t t e n   f o r   t h e   t r a j e c t o r y  which would be 
obtained  under  the same approximations ( 0  = 8E,  g = go) i f  there  were no 
e r r o r s   i n   e i t h e r  a R  o r  the  entry  conditions.  The l a t t e r   t r a j e c t o r y ,  which 
w i l l  be cal led  the  reference  t ra jectory,  i s  wr i t ten  as 
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- = -V s i n  @E dh 
d t  

A n  equat ion  for   the  difference AV between t h e  computed speed  and t h e  
reference  speed i s  obtained when t h e  f irst  of equations  (9b) is subtracted 
from  the f irst  of equations (9a) .  This  gives 

a0 + zR cos - aR - go A s i n  = o 
d t  

Further  algebraic  manipulation  puts  the above equation  into  the  following  form 

Equation (10) can  be  integrated  analyt ical ly  i f  cos ~p, A cos ~p, &R, and 
A s i n  6~ a r e  assumed constant   for  a l l  time. The implications of making such 
assumptions w i l l  now be  examined i n   d e t a i l .  The assumption that   cos  cp and 
A cos Cp are   constant  i s  exac t   for  a spherical  body f o r  which CL is always 
zero,  for  with CL = 0, both Cp and @ are  identically  zero.   For  nonspherical  
bodies  undergoing  planar  oscillatory  motion,  the  quantity  cos Cp w i l l  a l s o  be 
oscil latory  with  t ime, and for spinning  nonspherical  bodies  undergoing  coning 
motion,  cos Cp w i l l  no t   be   osc i l la tory   bu t   ra ther  w i l l  vary  with  the  envelope 
of t h e   t o t a l   a n g l e  of attack. The present  theory  can  be  used t o   e s t i m a t e   t h e  
errors   associated  with  the most extreme.assumptions  for  the  cases  involving 
nonspherical  bodies.  For example, if  t h e   r a t e  a t  which t h e  components of 
resu l tan t   acce le ra t ion  were  measured w a s  no t   su f f i c i en t   t o   a l l ow  the   va r i a t ion  
of angle of attack  through  the  trajectory  to  be  reconstructed,   then  the  worst  
case,  from  the  standpoint of errors ,  would be t o  assume tha t   the   angle  of 
a t t a c k  was i d e n t i c a l l y   z e r o   f o r  a l l  time.  This i s  equiva len t   to  assuming t h a t  
t he   l i f t - t o -d rag   r a t io   a s soc ia t ed  with t h e  measured data i s  zero s o  t h a t  
A cos Cp = 1 - cos Cp. Now, f o r  A cos cp t o  be  constant,  the  quantity  cos cp 
must be  invariant.  Again, the  worst  case  can  be assumed. For a l l  bodies of 
revolution,  except a sphere,  the  absolute  value of t h e   l i f t - t o - d r a g   r a t i o  
~CL/CD~ increases  from  zero as the   resu l tan t   angle  of a t tack  i s  e i t h e r  
increased or decreased  from  zero.  This  resultant  angle  can  never be la rger  at 
any   po in t   in   the   t ra jec tory   than  the value a t  en t ry  i f  the  body i s  dynamically 
s tab le .  The m a x i m u m  possible  value a t  entry would be known with  reasonable 
precis ion s o  t h a t ,  for any  chosen  probe  configuration,  an e s t i m t e  could  be 
made  of t h e  maximum value of ICL/CD I (hence, ~p) obtainable   in   the  range of 
poss ib le   a t t i tudes .  A value so chosen  gives a value of ~p denoted as cpmax. 
Now consider  the  implication of assuming a cons t an t   e r ro r   i n  measured acceler-  
a t i o n  &R. Measurement accuracy of accelerometer  systems i s  often  given as 
a f r a c t i o n  of t h e  m a x i m u m  value  measurable  by  the  instrument,  but it i s  
l i k e l y   t h a t  such e r r o r s  would be random with  time. For t h i s   ana lys i s ,  however, 
they w i l l  be assumed constant a t  t h e  m a x i m u m  value.  This means that  t h e  meas- 
ured  accelerations would be  biased  from  the  true  accelerations  by a constant 



mBximum amount. This   b ias   p roduces   the   l a rges t   e r rors   in   ca lcu la ted  atmos- 
pheres.  Finally,  assuming a constant   error   in   path  angle  i s  consistent  with 
assuming a constant  path  angle  throughout  the  trajectory.  The assumptions 
discussed above allow  equation (10) t o  be  rewri t ten  in   the  fol lowing form: 

Equation (11) can  be  integrated  analytically if the  fol lowing  subst i tut ion i s  
made : 

as = go   s in  BE - - dV 
d t  

The r e s u l t  i s  

where 

An equat ion  for   the  difference Ah between the   ca lcu la ted   a l t i tude  and 
the   re fe rence   a l t i tude  at any i n s t a n t  of time is obtained when t h e  second of 
equations (9b)  i s  subtracted from t h e  second of equations (9a) .  The r e s u l t  i s  

d(b) = -VA s i n  @E - AV(sin @E + A s i n  @ E )  d t  (13) 

This  equation  can  be  integrated  directly,  with  the a id  of equation (U), t o  
give 

+ ( s i n  @E + A s i n  @E) s i n  @E - ( sec  - 1 ) s i n  @E - AaR](tF2 - - t') 
go 

Finally,  equations (6)  must be  rewri t ten  to   be  consis tent   with  the 
assumptions  just  introduced. Two fac to r s   a r e   a f f ec t ed .  One i s  t h e   r a t i o  
A cos cp/cos cp. This  can  be  written 
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The other   factor   that   requires   explanat ion is  [ 1 + (ACD/CD) 1 .  Since e~ must 
be  taken  equal t o   ED^ t o  be  consistent  with  the  assumption  that   the body i s  
i n  a non l i f t i ng   a t t i t ude ,  

(1 +?) = 'Do +AcDo 
CD 

Since  the aerodynamic c h a r a c t e r i s t i c s  of most simple  bodies  with  thin  shock 
layers  are  not  strongly  dependent on gas  composition, it can  be assumed t h a t  
C D ~  i s  a function  only of Reynolds number and speed s o  t h a t  

Note t h a t  CD in   equat ion (15) should  be  evaluated a t  t h e  body a t t i t u d e  
selected  for  determining (mna,x. The equations  for  the  density,   pressure,  and 
scale  height become 

Equations (12), (14), and (16) cons t i t u t e   t he   cen t r a l   r e su l t s  of th is  
analysis .  They can be used t o  es t imate   the  accuracy  to  which  an  atmosphere 
can  be  defined  from  measurements of resul tant   accelerat ion.   This  i s  done as 
fo l lows:   F i r s t  a model atmosphere i s  selected.  Then, an  accurate  point-mass 
t r a j e c t o r y  i s  computed with  the  selected model atmosphere and a given  set  of 
entry  condi t ions.   Final ly ,   desired  values   for  AaR, AVE, A s i n  @E, AhF, (pmax, 
CD, and C D ~ -  a re   se lec ted  and equations (12), (14), and (16) a re   u sed   t o   ca l -  
culate  p, p, x,, and E. N 

Note tha t   t o t a l   t r a j ec to ry   t ime   tF   p l ays   an   impor t an t   ro l e   i n   t h i s  
analysis  so  t h a t   t h e  method of calculat ing  the  reference  t ra jectory must be 
suf f ic ien t ly   p rec ise   to   g ive   reasonably   accura te   t ime  h i s tor ies  of speed  and 
al t i tude.   General ly ,   the   famil iar   analyt ic   solut ion  der ived by Allen and 
Eggers  (ref, 4) for   s teep  entr ies   with  the  assumption of zero  gravity  cannot  be 
used. The reason i s  t h a t   i n  many s i tua t ions   t he   en t ry  body w i l l  slow t o  ter-  
minal  speed  before  impact  with  the  planet  surface and a considerable  portion 
of t h e   t o t a l   t r a j e c t o r y   t i m e  can  be  accumulated  during this   terminal   descent .  
If gravi ty  i s  neglected,   the computed terminal   speed  can  easi ly   be  in   error  by 
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more than a f a c t o r  of 2. Under these  circumstances,  values of t i m e t o t r a v e r s e  
g iven   a l t i t ude  changes would be i n   e r r o r .  An accura te   t ra jec tory  can  be  cal- 
cu la ted   e i ther   by   so lv ing   equat ions   (gb)   for   the   re fe rence   t ra jec tory   (e .g . ,  
ref .  5 )  or by  integrating  the  exact  equations  numerically. 

DISCUSSION 

Results  given by the  present  technique w i l l  be i l l u s t r a t e d  by  showing t h e  
accuracy  with which  extreme model atmospheres of the  planet  Mars can  be 
deduced  from accelerat ion measurements. The models of t h e  Mars atmosphere 
given i n  appendkc C of reference 6 w i l l  be  used. To check the i r   accuracy   the  
approximate  analytic  results w i l l  be compared with  resul ts   der ived by t h e  
numerical method descr ibed  in   reference 3. The l a t t e r   r e s u l t s   a r e   e s s e n t i a l l y  
exact,  since no approximations  are made e i t h e r   t o   t h e  governing  equations or 
the i r   so lu t ions .  Only the   dens i ty   var ia t ion   wi th   a l t i tude  w i l l  be considered 
s ince it i s  the  quantity  least  accurately  determined  from  acceleration meas- 
urements.  Since,  from  aerodynamic  considerations,  the optimum ent ry  body 
shape f o r   t h i s  experiment i s  an  aerodynamically  stabil ized  sphere  (ref.  3 ) ,  
most of the  discussion w i l l  p e r t a i n   t o   t h i s  shape. In   par t icular ,   the   accu-  
racy  with which  atmosphere densi ty  as a function of a l t i t u d e  can  be  measured 
w i l l  be shown  when e r r o r s   i n  measured acceleration,  entry  speed,  entry  angle,  
and f i n a l   a l t i t u d e   a r e  assumed t o  occur  both  singly  and combined i n   t h e  most 
unfavorable  fashion.  Results w i l l  a l s o  be presented t o   i n d i c a t e   t h e   e f f e c t  of 

0 400 000 1200 1600 2000 2400 2800 3200 
V and V, f t l s e c  

Figure 1.- Assumed  variation  of the drag 
coefficient with flight  speed for a 
spherical  body. 

data  sampling  frequency on the  descr ip-  
t i o n  of densi ty   var ia t ion  with  a l t i tude.  
Final ly ,  some estimates w i l l  be made of 
the  penal t ies   incurred when en t ry  bod- 
ies   other   than  spheres   are   used.  
Except where otherwise  noted, a value 
of t h e   b a l l i s t i c  parameter a t  en t ry  
(m/C@)E of 0.25 slug/ft2 w i l l  be 
assumed. Likewise, a typ ica l   en t ry  
speed of 26,000 f t / sec  w i l l  be  used. 
The co.efficient of drag of the  spheri-  
c a l  shape w i l l  be assumed t o  be inde- 
pendent of Reynolds number but w i l l  be 
allowed t o  vary   wi th   f l igh t   speed   in  
the  manner shown i n   f i g u r e  1. The data  
given i n   f i g u r e  1 represent a mean 
f a i r i n g  of sphere  drag  coefficient  data 
f o r   t h e  range of Reynolds nwnbers 
appropr ia te   to   the   en t ry   condi t ions  
considered. 

Results  Obtained From Accelerations Measured  Throughout the  
Entire  Entry 

Consider first t h e   e f f e c t s  of entry  angle on the  accuracy  with which the  
extreme model atmospheres f o r  Mars can  be  determined  by  meansofaccelerometers 
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with  ful l -scale   ranges chosen t o  match the   spec i f i c   en t r i e s .  These a r e  shown 
i n   f i g u r e  2 where in   b iased   e r rors   in   resu l tan t   acce le ra t ion   equal   to  0.1 per- 
cent of t h e  maximum values  experienced  have  been assumed. It i s  shown f o r  
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Figure 2.- Effect of entry  path  angle on the   def in i t ion  of extreme model atmosphere f o r  Mars: 
spherical  body; (m/C$)E = 0.25 slug/ft'; VE = 26,000 ft /sec;   biased  acceleration  error 
AaE = -0.001 (aR)-. 

these  circumstances  that   entry  angle  affects  the  accuracy of atmosphere 
determination  only  sl ightly  but tha t  r e su l t s   a r e   qu i t e   d i f f e ren t ,  depending 
upon t h e  model atmosphere  encountered. The accuracy  with which t h e  maximum 
scale  height  atmosphere  can  be  determined i s  poorer  than  for  the minimum 
atmosphere,  primarily  because  the  flight  time  through  the  former i s  so  much 
longer  than  through  the  lat ter.   Errors  are  accumulated  over a time  period 
nea r ly   s ix  times longer i n   t h e  maximum atmosphere  than i n   t h e  minimum atmos- 
phere. Note t h a t   t h e  method g ives   resu l t s   in   exce l len t  agreement w i t h  those 
obtained  numerically  from  the  exact  equations. 

The r e s u l t s  shown i n   f i g u r e  2 a re   i dea l i zed   i n   t he   s ense   t ha t   t he   acce l -  
erometer  ranges  are matched t o   t h e  chosen  conditions  while, i n   p rac t i ce ,  it 
may not be known which  atmosphere within  the  possible  extremes w i l l  be  
encountered on a first mission  into  the  Mart ian atmosphere.  This means t h a t  
the  accelerometers w i l l  have t o  be  designed t o  accommodate any  magnitude of 
acce lera t ion   tha t  can possibly  be  experienced. The maximum possible  accelera- 
t i o n  w i l l  occur   during  entry  into  the minimum scale  height  atmosphere  with  the 
s teepest   f l ight-path  angle .  It has a value of about 438 t imes  the  gravi ta-  
t i ona l   acce l e ra t ion  a t  the  surface of Mars. For i l l u s t r a t i v e  purposes, it 
w i l l  be assumed that   the   accelerometers  must be  designed t o  measure 
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accelerat ions as la rge  as 430 go  with  an  accuracy of 0.1 percent of t h i s  
value (0.45 go) .  The most unfavorable   s i tuat ion  f rom  the  s tandpoint  of atmos- 
phere   def in i t ion   c lear ly  would be t h a t  of des igning   for   the  maximum possible 
accelerat ions and actual ly   experiencing  the minimum values.  The  minimum 
values  correspond t o   e n t e r i n g   t h e  m a x i m u m  scale  height  atmosphere  with  the 
shallowest  path  angle.  Therefore,  emphasis w i l l  be placed on these  conditions. 

Figure 3 shows the  addi t ional   penal ty  of des igning   for   the   l a rges t   acce l -  
e r a t i o n s   i n   t h e  minimum atmosphere  and actually  encountering  the maximum 
atmosphere. The addi t ional   penal ty   in   a tmosphere  def ini t ion is unacceptable. 
In   o rde r   t o   ga in   i n s igh t   i n to  what s teps  might  be  taken t o  improve matters, 
t h i s  extreme  case w i l l  be  examined i n  more detail .   This  can be done with  the 
a i d  of t h e   r e s u l t s  of f igure  4. These r e s u l t s  show how t h e   e r r o r   i n  atmos- 
phere  definit ion i s  divided among e r r o r s   i n  measured acce lera t ions ,   e r rors   in  
speed due to   in tegra t ing   these   acce le ra t ion   e r rors ,  and e r r o r s   i n   a l t i t u d e  due 
t o   i n t e g r a t i n g   t h e   e r r o r s   i n  speed. It i s  shown t h a t   t h e  atmosphere  can  be 
described  quite  well  i f  speed  and  a l t i tude  are  measured accurately  by  an  inde- 
pendent method. The d e f i n i t i o n  i s  equally good over a less  extensive  range of 
a l t i t u d e  i f  on ly   the   a l t i tude  i s  determined  by  an  independent method. The 
a l t i t u d e  a t  which speed  errors  begin to   increase   rap id ly   cor responds   to  a 
speed of about 2000 f t / sec .  The l a rges t   e r ro r s   a r e  shown t o   r e s u l t  from 
e r r o r s   i n   a l t i t u d e .  Although the   a l t i t ude   e r ro r s   a r e   l a rge   ove r   t he   en t i r e  
t r a j ec to ry ,   t hey   a r e ,   i n   f ac t ,  accumulated  largely  over  the  low-speed  part of 
t he   t r a j ec to ry  where speed e r ro r s   a r e   l a rge .  The h igh-a l t i tude   resu l t s   a re  
degraded  by  these  errors  only  because  the  altitude a t  en t ry  i s  not known a 
p r i o r i  s o  t h a t  changes i n   a l t i t u d e   a r e ,   i n   e f f e c t ,   d e t e r m i n e d   r e l a t i v e   t o   t h e  
f i n a l   a l t i t u d e  which i s  assumed t o  be zero a t  probe  impact.  These  considera- 
t ions  suggest  that   ei ther  the  accelerometer  accuracy must be  improved consid- 
erably or e l se   d i f f e ren t  methods f o r  measuring  atmosphere  properties must be 
used once the  probe  speed i s  reduced t o  low values. The improvements i n  
atmosphere de f in i t i on   t ha t  can  be  expected t o   r e s u l t  from  both  of  these  tech- 
niques w i l l  be discussed  next. 

The e f f e c t s  of increasing  accelerometer  accuracy by fac tors  of 2 and 10 
are shown i n   f i g u r e  5 ,  and the   e f f ec t s  of terminating  the  accelerometer  exper- 
iment a t  speeds  ranging  from  that  for  impact at 378 f t / sec  up t o  1000 f t / s e c  
a re  shown i n   f i g u r e  6. The r e s u l t s   i n   f i g u r e  5 show t h a t  about  an  order of 
magnitude increase  in  accelerometer  accuracy  ( to 0.01 percent of t h e  maximum 
measurable) would be  needed t o  provide good def in i t ion  of t h e  atmosphere a t  
a l l  alt i tudes.   This  accuracy i s  be l ieved   to   be  beyond that  obtainable  with 
e i ther   s ing le  or dual  range  accelerometer  systems. The  most a t t rac t ive   p rac-  
t i c a l  means f o r  improving t h e   d e f i n i t i o n  of the  atmosphere a t  a l t i t u d e s  where 
acce lera t ions   a re   l a rge   appears   to  be t o  accept  data  only  over  that  range of 
a l t i t u d e s   f o r  which t h e  speed i s  greater  than  sonic  speed. The r e s u l t s  of 
reference 2 indicate   that   speed,   a l t i tude,  and atmosphere properties  can be 
determined  well by d i r e c t  measurement a t  subsonic  speeds. For the  remainder 
of th i s   d i scuss ion ,  it w i l l  be assumed that  the  accelerometer  experiment would 
be  terminated a t  a speed of 750 f t /sec.  O f  course,   errors   in   the  quant i t ies  
measured a t  low speed by t h e  methods descr ibed  in   reference 2 w i l l  a f f e c t   t h e  
accelerometer  experiment  because of i t s  dependence on a l t i t u d e  a t  t h e   f i n a l  
time - i n   t h i s  case,   that   corresponding  to a f l i g h t  speed of 750 f t / sec .  
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Effec ts  of e r r o r s   i n   t h e  low speed  measurements  can  be  included i n   t h i s   s t u d y  
by the  assumption of v a r i o u s   e r r o r s   i n   t h e   f i n a l   a l t i t u d e .  

Results  Obtained From Accelerations Measured  Only a t  Speeds 
Greater Than 750 Ft/Sec 

F i r s t ,   a t t e n t i o n  w i l l  be  directed a t  an  examination of the  individual  and 
combined e f f e c t s  on atmosphere definit ion  caused  by  less  str ingent  accelerom- 
eter   accuracies  and e r r o r s   i n   e n t r y  speed,  entry  angle, and a l t i t u d e  a t  t h e  
f i n a l  speed. Then, consideration w i l l  be  given t o   t h e   e f f e c t s  of data  Sam- 
pling  frequency.  Finally,  estimates w i l l  be made of t he   e r ro r s  caused  by  the 
use of nonspherical  entry  bodies. 

E-ffects of e r r o r s   i n  measured acceleration,  entry  speed,  entry  angle,  and 
f i n a l   a l t i t u d e . -  The e f f e c t s  of reducing  accelerometer  accuracy by f a c t o r s  of 
2 and 3 a r e   i l l u s t r a t e d   i n   f i g u r e  7. Over most  of the   a l t i tude   range   the  
e f fec ts   vary   l inear ly   wi th   the  change i n  accuracy  and  are  about  the same  mag- 
n i tude   for   bo th   pos i t ive ly  and negat ively  biased  errors .  The comparison  with 
r e s u l t s  from  numerical  calculations i s  excellent  throughout. The e f fec ts  of 
e r r o r s   i n   e n t r y  speed,  entry  angle,   and  f inal   al t i tude  are shown i n   f i g u r e s  8, 
9, and 10, respectively.   In  each  case it w a s  assumed tha t   acce le ra t ions  were 
known exact ly ,   that  is ,  AaR E 0. It i s  seen  that  degradation of atmosphere 
d e f i n i t i o n   r e s u l t i n g  from  reasonable  values  for  each of these  sources i s  not 
overwhelming,  and i n  each  case,  the  analytic method provides  excellent  predic- 
t ions .  It i s  no ted   t ha t   r e su l t s  of f igure  10 show er rors   in   a l t i tude   th rough-  
o u t   t h e   t r a j e c t o r y   t o  be  equal t o   t h e   e r r o r s  assumed t o   e x i s t  a t  t h e   f i n a l  
speed.  This means tha t   the   inaccuracy  of the  accelerometer  experiment due t o  
e r ro r s   i n   va r ious  methods f o r  measuring t h e  atmosphere d i r e c t l y  a t  low speed 
can  be readily  determined  since  alt i tude i s  the  common l i n k  between the  high 
and low speed  methods. 

The qua l i ty  of atmosphere def ini t ion  obtained when posi t ive and  negative 
e r r o r s   i n  measured accelerations,   entry  speed,  entry  angle,  and f i n a l   a l t i t u d e  
a r e  combined i n   t h e  most unfavorable manner i s  shown i n   f i g u r e  11. A s  
expected, if  t h e  minimum scale  height atmosphere  were  encountered, it would be 
defined more accurately  than would t h e  maximum scale  height atmosphere  should 
it be  encountered  instead.  In  either  case,   the  present  uncertainty of t h e  
Mars atmosphere would be  reduced  considerably by t h e  measurements. Results of 
calculations  not  presented  herein showed t h e  data of f igure  11, which a r e   f o r  
values of speed  and m/CDA a t  en t ry  of 26,000 f t / s e c  and 0.25 slug/ft2,  
r e spec t ive ly ,   t o   be   e s sen t i a l ly   t he  same for   va lues  of entry  speed  ranging 

' from 22,000 t o  28,000 f t / s e c  and  values of m/CDA a t  entry  ranging  from 0.20 
t o  0.33 s1Ug/ft2, provided  the  ranges  for  the  accelerometers were adjusted 
f o r  each  combination of VE and m/CDA. 

Effect  of data sampling  frequency.- The e f f e c t s  of data  sampling 
frequency  cannot  be  easily  evaluated  by  analytic  techniques.  This  possible 
source of degradation of the  accelerometer measurements a r i s e s   f romthe   p rac -  
t i c a l   n e c e s s i t y  of minimizing t h e  amount of data transmitted  from a probe t o  
Earth. A l l  of the   resu l t s   p resented  so far were based on the  assumption  that  
the   acce le ra t ion  measurements  were described  by a s u f f i c i e n t  number of points  
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t o  be e f fec t ive ly   in f in i te .   In   o ther  words, increas ing   the  amount  of da ta  
could  not improve the  accuracy. The e f f e c t  of reducing  the  frequency of da ta  
sampling t o  a l low  for  as much as 2 seconds of time  between  data  points i s  
shown i n   f i g u r e  12. These r e s u l t s  were obtained  by means of the  numerical 
method of reference 3. Second-order  interpolation on the  logarithm of meas- 
ured  acceleration as a funct ion of time w a s  used.  Note tha t   these   ca lcu la-  
t ions   a l so   inc lude  a representative  combination of errors  from  other  sources.  
The magnitude  of the   sampl ing   in te rva ls   cons idered   has   very   l i t t l e   e f fec t  on 
the   qua l i t y  of atmosphere def ini t ion  except  at the  very low dens i ty   l eve ls  
where t h e  atmosphere is  first sensed  by  the  instruments  and a t  very low a l t i -  
t u d e s   i n   t h e  minimum atmosphere  case.  These results  are  considered  remarkable 
i n  view of t he   f ac t   t ha t   t he   acce le ra t ion   t ime   h i s to ry  i s  defined by only 12 
data   points  f o r  t h e  90' e n t r y   i n t o   t h e  minimum scale  height  atmosphere when 
the  data  sampling  frequency i s  2 seconds. 

Entry body shape 
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0 

Angle of attack, o.deg 

Figure 13.- Aerodynamic characteristics 
obtained from Newtonian inrpact theory for 
various entry body shapes. 

Effec ts  of using  entry  bodies 
other  than a sphere.- Estimates have 
been made of t h e   e r r o r s   i n  atmosphere 
definit ion  caused  by  the  use of en t ry  
bodies  other  than  spheres.  These  esti- 
m t e s  were made f o r  t he   shapes   i l l u s -  
t r a t e d   i n   f i g u r e  13. The aerodynamic 
charac te r i s t ics   p resented   in   f igure  13 
were obtained  from Newtonian  impact 
theory. It i s  obvious  from t h e   d a t a   i n  
f igu re  13 that  conclusions  regarding 
t h e   r e l a t i v e   m e r i t s  of the  var ious 
en t ry  body shapes w i l l  depend s t rongly 
on the  angle  of a t t a c k   s e l e c t e d   f o r   t h e  
comparison. In   th i s   d i scuss ion ,  a com- 
mon angle of a t t ack  of 20' has  been 
chosen; t h a t  is, the   d rag   coef f ic ien t  
and the   l i f t - to -drag   ra t io   parameter  
cpmax were evaluated a t  th i s   ang le  of 
a t tack  for   each  configurat ion.  These 
valueawere  used  in  equations (12), 
(14), and (16) t o   o b t a i n   t h e   r e s u l t s  
presented   in   f igure  14. The aerody- 
namic cha rac t e r i s t i c s  were  assumed 
invariant   with Reynolds number and 
speed. No errors  from any  sources 
o t h e r   t h a n   t h a t   r e l a t e d   t o  unknown 
angle of a t t ack  were inc luded   in   these  
calculat ions.  The r e s u l t s  of f i gu re  14  
show t h a t   t h e   p e n a l t y   i n  atmosphere 
def ini t ion  associated  with  the  angle  of 
a t tack   uncer ta in ty  makes two of t h e  
bod ies   de f in i t e ly   no t   su i t ed   fo r   t h i s  
appl icat ion;  however, the   pena l ty   for  
t h e  body  most closely  resembling a 
sphere i s  not  excessive. It w i l l  be 
r e c a l l e d   t h a t  a l l  of the  assumptions 
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made  in  the  analysis,  for  deriving  these  results,  were  such  as  to  make  the 
effects  of  errors  extreme.  Actually,  the  errors  due  to  using  nonspherical 
configurations  should  not be as  large  as  those shown in  figure 14 for  the  same 
entry  conditions. Also, the  possibility  exists  of  improving  accuracy  by  cor- 
recting  measurements  for  angle  of  attack.  The  body  attitude  can,  in  principle, 
be inferred fromthree-component accelerometer  data  and known aerodynamic 
characteristics.  This  possibility  is  discussed  in  more  detail  in  references 2 
and 3. 

CONCLUDING F E " 3  

An approximate  method  has  been  developed  for  estimating  the  errors  in 
the  density  and  pressure  structure  of  a  planetary  atmosphere  constructed  from 
measurements  of  accelerations  experienced  by  an  entry  vehicle.  Among  the 
sowces of  error  considered  both  singly  and  in  combination  are  accelerometer 
inaccuracies,  uncertainties  in  entry  speed,  entry  angle,  final  speed  and 
altitude,  aerodynamic  characteristics,  and  frequency  of  data  measurements. 
The  effects  of  uncertainty of the  attitude  of  entry  bodies  having  nonzero 
lift-to-drag  ratios  were  also  considered. 
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The method w a s  applied t o   t h e  problem of estimating  the  accuracy  with 
which t h e  extremes of a range of postulated  atmospheres  for Mars could  be 
defined  by measurements of the  accelerations  experienced  by a spherical ly  
shaped entry body. It w a s  concluded that   use  of the  accelerometer method f o r  
obtaining  atmosphere  structure  should  probably  be  confined t o   t h e   p o r t i o n  of 
t h e  atmosphere traversed a t  speeds  greater  than  sonic  speed. For t h i s   s i t u a -  
t ion,  it was shown t h a t  any of t h e  atmospheres  within  the  extremes  postulated 
f o r  Mars can  be  defined  reasonabLy w e l l  even when errors  from a l l  sources  are 
assumed t o  be combined i n   t h e  most unfavorable manner. Selected  portions of 
t h e   r e s u l t s  were compared with  results  obtained  from more precise  numerical 
procedures  and t h e  agreement w a s  found t o  be  excellent. 
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